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ABSTRACT 
The Cretaceous Hell Creek and Paleocene Ludlow Formations of 
southwestern North Dakota are nonmarine sediments of alluvial 
origin. The heavy minerals of these formations were specifically 
studied to determine the source rock types and their provenance, 
and generally assess the diagenetic processes which affected the 
heavy minerals. 
The heavy minerals include zircon, rutile, tourmaline, garnet, 
ilmenite, spinel, apatite, epidote, sphene, pyroxene, dolomite, bio-
tite, andalusite, pyrite, monazite, and barite. Most of the heavy 
minerals have angular shapes, indicating one cycle of erosion and 
deposition. 
The heavy mineral percentages of the concretions and surround- -
ing sediments were compared within and between the Hell Creek and 
Ludlow Formations using linear discriminant analysis. The compari-
sons between the heavy mineral percentages of the concretions and 
surrounding sediments within the Hell Creek and Ludlow Formations 
showed no significant differences. The comparison of the concre-
tions of the Hell Creek and Ludlow Formations showed no significant 
difference in the heavy mineral percentages. The heavy minerals in 
the surrounding sediments of the Hell Creek and Ludlow Formations 
are significantly different at the .99 confidence level. 
xi 
The T~test was used to compare the mean heavy mineral values 
of the concretions and surrounding sediments between the Hell Creek 
and Ludlow Formations. The results of the T-test support the re-
sults of the linear discriminant analysis. The comparison of the 
heavy mineral means of the surrounding sediments ,between the Hell 
Creek and Ludlow Formations shows that tourmaline, rutile, epidote, 
garnet and zircon are significantly different. In the comparison 
of the mean heavy mineral values of the concretions between the forma-
tions only garnet was significantly different. The difference be-
tween the heavy mineral percentages of the concretions and surround-
ing sediments within each formation has been attributed to the re-
placement of minerals by calcite within the concretions. The differ-
ence between the heavy mineral percentages of the Hell Creek and 
Ludlow surrounding sediments is probably due to subtle changes in 
source rock types from the Hell Creek to Ludlow time. 
The source rock types associated with the heavy minerals in 
these two formations are volcanic and intrusive igneous, thermal 
metamorphic, and reworked sedimentary rocks. The provenance of 
these sediments is thought to be the Elkhorn Mountains Volcanic Com-
plex and adjacent rocks of western Montana, because of the similar 
mineralogies and timing (82 myrs to 71 myrs) and volume of volcanic 
activity in the complex. The comparison of the heavy mineral per-





The main objective of this project was to study the heavy 
minerals of the Cretaceous Hell Creek and Paleocene Ludlow Forma-
tions to determine the provenance of these rocks and compare the 
diagenesis of the concretions and surrounding sediments. 
Stratigr'!.11..hic_ Nomenclature and~ 
The history of the nomenclature of the Upper Cretaceous and 
Paleocene strata in the Northern Great Plains is complex. Hatcher 
(1903) subdivided the "Great Lignite Group" originally named by 
Hayden in 1862, into the Lance Creek Beds for strata along Lance 
Creek, Converse County, Wyoming, which conformably overlie the 
Fox Hills Formation and are conformably overlain by the Fort Union 
Group. Brown (1907) used the name Hell Creek in place of Lance 
for beds along Hell Creek and East Hell Creek in Garfield County, 
Montana. He described the Hell Creek Beds in detail, showing that 
the Hell Creek Beds unconformably overlie the Fox Hills, and are 
conformabTy overlain by Fort Union strata. 
Stone and Calvert (1910, p. 746) named the "Lebo Shale Mem-
ber" of the Fort Union Formation for the beds between the Lance and 
the massive sandstone of the Fort Union near the northeast side of 
the Crazy Mountains in Montana . 
. 1 
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Lloyd and Hares (1915, p. 523-547) named the Ludlow "Lig-
nitic" member of the Fort Union Formation for exposures of non-
marine beds lying below, but interfingering with the Cannonball 
"Marine" Member in Harding County, South Dakota. 
Rodgers and Wallace (1923, p. 29) named the Tullock Member of 
the Lance Formation, for exposures along Tullock Creek, Treasure 
County, Montana. 
R. W. Brown (1938) was the first to place the Mesozoic-
Tertiary boundary at the contact between the Hell Creek and Fort 
Union strata. Brown also raised the Hell Creek Member to forma-
tional status in North Dakota. 
Dorf (1940) raised the Fort Union Formation to group status 
and extended the Fort Union downward to include all Paleocene beds. 
Kepferle and Culbertson (1955, p. 134) included the Ludlow 
as a member of the "Fort Union Formation" in North Dakota and 
described the base as the lowest persistent coal. They stated that 
the Ludlow "is equivalent to the Tullock and Lebo Shale Members 
of the Fort Union Formation in eastern Montana." 
Denson, Bachman and Zeller (1959) placed the base of the 
Ludlow at the top of the Hell Creek, marked by a bed of persistent 
lignite. 
The North Dakota Geological Survey has kept the Hell Creek 
as a formation and raised the Fort Union to group status, includ-
ing the Ludlow as a formation (Carlson and Anderson, 1965). 
In the Little Missouri and Missouri valleys of North Dakota, 
Frye (1967) subdivided the Hell Creek Formation into several 
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members ,based upon recognizable changes in sandstone, shale, and 
lignite content, bedding and color (Frye, 1967, p. 28}. The units 
of the Hell Creek in the Little Missouri Valley are the Little 
Beaver Creek, Marmarth, Bacon Creek, Huff, and Pretty Butte Members 
(Frye, 1967}. 
In 1969, Frye used the term Tullock Formation in southwestern 
North Dakota for beds below the T Cross Coal of Hares (1928) and 
above the Hell Creek. He placed the Ludlow above the T Cross Coal 
and below the Tongue River Formation; 
In a study by Moore (1976} the term Ludlow Formation was used 
for beds above the Hell Creek and below the Tongue River Formation 
in southwestern North Dakota. 
In 1977,.Clayton and others divided the Ludlow Formation into 
two units, with the T Cross Bed as the. base of the upper unit. 
Those sediments above the Cretaceous Hell Creek Formation and below 
the T Cross Bed are named the Ludlow Formation, and those above 
the T Cross Bed, but below the Tongue River Formation (Bullion 
Creek Formation} are now called the Slope Formation (Fig. 1). In 
this study the term Ludlow Formation follows that usage. 
Previous Work 
The stratigraphy of the Cretaceous Hell Creek and Paleocene 
Ludlow Formations have been studied by many workers in North 
Dakota and adjacent areas since the early part of this century. 
The heavy minerals within these formations have been studied by 
only a few people. 
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Figure 1. The stratigraphic nomenclature of southwestern North 
Dakota (Clayton and others, 1977, p. 2) 
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Marcellus H. Stow (1938) dated Cretaceous-Eocene tectonic 
movements in the Big Horn Basin in Montana and Wyoming using heavy 
minerals from the Hell Creek, Tullock, Lebo and Tongue River For-
mations. He concluded that the main source of the heavy minerals 
in the Hell Creek, Tullock and Lebo Formations was sedimentary 
rocks. He further stated that the dominant source of the light min-
erals was volcanic rocks. He did not mention the source rocks for 
the Tongue River, nor did he discuss the possible areas which supplied 
the heavy minerals shed into the formations of the Big Horn Basin. 
Lindberg (1942) studied the heavy minerals from samples taken 
in the Fox Hills, Hell Creek, Ludlow and Cannonball formations in 
Morton and Sioux counties, North Dakota. She used the heavy miner-
als to correlate the formations and suggest possible source rock 
types. She concluded that silicic igneous rocks were the most im-
portant source rocks, with thermo-metamorphic rocks secondary, and 
dynamic metamorphic and sedimentary rocks the least important. 
Stow (1946) studied the heavy minerals of the Cretaceous and 
Paleocene sediments in the Bighorn Basin and Crazy Mountain Syn-
cline areas of Wyoming and Montana in order to date the sedimenta-
tion, volcanism and orogeny in the region. He observed that west 
of a line between Roscoe and Reed Point, no metamorphically derived 
minerals were present, but east of this line they were. In the 
western area the amphiboles and other minerals were derived from 
volcanic agglomerates. Pre-existing sedimentary rocks supplied 
most of the zircon, tourmaline, and rutile present. The garnet 
was not traced to a definite source, but showed signs of at least 
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a second-cycle of erosion and deposition. The provenance of the 
non-metamorphic rocks was traced to the "volcanic agglomerates in 
the area between the Yellowstone River on the north, the Beartooth 
Mountains on the south, the Boulder River on the west, and Bridger 
Creek on the east." He did not mention any source areas for the 
metamorphic or reworked minerals of the Beartooth Mountain region. 
Chisholm (1965) examined the heavy minerals in Cretaceous and 
Tertiary rocks associated with uranium occurrences in the south-
western part of the Williston Basin, but did not mention the pos-
sible source rock types which supplied the heavy minerals of the 
Hell Creek Formation. Chisholm concluded that the heavy minerals 
in the Ludlow Formation were probably derived from igneous and 
low-grade metamorphic rocks, with small amounts contributed by pre-
existing sediments. 
Frye (1967) studied the heavy minerals in ten samples from 
the Hell Creek and Ludlow Formations in Slope and Bowman counties, 
North Dakota. He identified amphiboles, andalusite, apatite, bio-
tite, clinozoisite, epidote, garnet, kyanite, limonite, magnetite, 
rutile, sphene, and tourmaline. He concluded that the heavy mineral 
suites of the Hell Creek and Ludlow Formations were derived from 
volcanic, silicic, and mafic igneous rocks, with smaller amounts 
supplied by low to high grade metamorphic rocks, and some reworked 
sedimentary rocks. He suggested that the probable source area for 
the majority of the sediments in the Hell Creek and Ludlow Forma-
tions of North Dakota was western Montana and adjacent parts of 
WYoming. 
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Sl.ltler (1980) studied the Hell Creek Formation and adjacent 
strata in the Glendive, Montana area to describe the stratigraphy 
and sedimentology, and to derive a depositional model. He examined 
the light fraction of the sediments in thin sections to find the 
possible source rock types. From the results of his work he con-
cluded that a dominant volcanic source, mixed with lesser amounts 
of sedimentary and metamorphic sources, supplied the Hell Creek 
and Ludlow formations with sediments (Butler, 1980, p. 215). He 
also suggested a western source area in the Bridger, Beartooth and 
Gallatin ranges and the Elkhorn Mountains of Montana. 
Study Area 
The area studied lies within the Little Missouri Valley in 
portions of Siope and Boloftllan counties, southwestern North Dakota 
(Fig. 2). The Hell Creek and Ludlow formations also crop out in 
central North Dakota and eastern Montana, but only the Little 
Missouri area was included in this study. The only town within the 
study area is Marmarth, North Dakota, located along U.S. Highway 
12 in Slope County. The area from which samples were collected 
occupies about five sections in T.132-134N, R.106W. in northern 
Bowman and southern Slope counties. 
General Geology 
The Hell Creek and Ludlow formations are nonmarine deposits 
considered to be part of a large prograding delta complex which 
ranged eastward from the Rocky Mountain front into the Fox Hills-
Cannonball Sea during and after Late Cretaceous time (Frye, 1967). 
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Figure 2. The general study area of Slope and Boi,man counties, 









• Km 80 
Tertiary 
IIWhlte Rlver Gp. 
lloolden Valley Fm. 
II Sentinel Butte Fm. 






• • • • ._ Hell Creek Fm. 
... . ....... 
i,-• : ~ Fox Hill• Fm. 
IIPierre Fm • 
11 
The Hell-Creek is principally composed of unconsolidated fine elas-
tics: clays, silts and fine to medium sands. The sediments are 
generally bentonitic and lignitic. Concretions and nodules are com-
mon throughout the strata. The thickness of the Hell Creek varies 
locally, but ts approximately 423 feet (129 meters) thick in the 
area studied. 
There is one complete exposure of the Ludlow Formation in the 
study area, and it is 160 feet (49 meters) thick (Frye, 1967). The 
Ludlow contains clays, silts, fine to medium sanis, and lignites. 
The lithologies of the Hell Creek and Ludlow are similar, although 
the Ludlow differs from the underlying Hell Creek in that it contains 
more lignites and generally has more laterally persistent rock units 
(Moore, 1976, p. 9). 
Tectonic Setting 
The study area is contained within the Williston Basin, an 
intracratonic basin with a sedimentary section comprised of rocks 
ranging from Cambrian to Quaternary in age. The two dominant struc-
tura 1 features are the Nessen anticline, in northwestern North Dakota, 
and the Cedar Creek anticline, in southeastern Montana, southwestern 
North Dakota, and northwestern South Dakota (Fig. 3). The struc-
tural basin had little or no effect upon the deposition of the Hell 
Creek and Ludlow formations (Carlson and Anderson, 1965, p. 1833). 
The Upper Cretaceous marine and nonmarine sediments are the result 
of the transgressive and regressive stages of the Late Cretaceous 
seas (Butler, 1930, p. 21). 
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Figure 3. Location and outline of the Williston Basin showing 
two of its major structural features (Carlson and 
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Stratigraphy 
The Colgate Member of the Cretaceous Fox Hills Formation under-
lies the Hell Creek in the study area. The conformable contact 
between the Hell Creek and Ludlow Formations, which also separates 
the Cretaceous and Tertiary systems, is taken to be the lowest per-
sistent lignite or smut line, but if these are not present a light 
yellowish bed of silty sand is defined as the contact (Frye, 1969, 
p. 25). The Hell Creek Formation in the Little Missouri Valley in-
cludes the Little Beaver Creek, Marmarth, Bacon Creek, Huff and 
Pretty Butte Members. In southwestern North Dakota, the Hell Creek 
sediments tend to be gray and the Ludlow sediments more of a brown 
color. 
The Ludlow Formation is conformably overlain by the nonmarine 
Slope Formation. The top of the T Cross Bed is considered to be 
the contact between the Ludlow and Slope Formations in southwestern 
North Dakota (Clayton and others, 1977, p. 7). 
PROCEDURES 
Field Methods 
Concretions and their surrounding sediments were sampled from 
the Cretaceous Hell Creek and Paleocene Ludlow Formations. The 
samples were taken wherever concretions were exposed and accessible 
in the two formations. A pick, rock harrmer, chisel and crack-
hammer were used to extract the samples. Samples were gathered 
from sections previously measured by Frye (Appendix A), and sections 
which were physically correlated with Frye's measured sections 
(Appendix B). The specific locations of each sample and their 
stratigraphic position are also included. Slope and Bowman county 
road maps, and Mannarth and Pretty Butte 7.5 minute quadrangle maps 
were used for base maps and sample localities. 
Lab and Data~Analysis Methods 
Each concretion and surrounding sediment sample was split 
into two parts before any further lab procedures took place. The 
samples were then jaw-crushed to break up the large chunks. The 
concretionary samples were disaggregated with a ten percent HCl solu-
tion, because they are cemented primarily with calcium carbonate. 
The dilute HCl solution destroyed any dolomite or apatite which 
may have been present in the concretions. The surrounding sediments, 
which are weakly held together with clay, were disaggregated using 




The concretionary and surrounding sediment samples were wet-
sieved with a 63 micron screen using distilled water. The sediments 
remaining on the screen were oven dried and then dry sieved between 
63 and 125 microns (very fine sand). This 63 to 125 micron fraction 
was weighed and saved for heavy mineral separation. 
Fifteen grams of each sample selected for heavy mineral separa-
tion were weighed out and placed into 40 ml centrifuge tubes. 
Tetrabromoethane, specific gravity of l.95, was poured in equal 
volumes into the centrifuge tubes (Carver, 1971, p. 444). The 
samples were then centrifuged at 3000 rpm for 10 minutes (Muller, 
1967). The heavy minerals were allowed to settle in the tubes for 
several hours after centrifuging. After settling, the bottom of 
the tubes were frozen with liquid nitrogen, and the light minerals 
poured off (Carver, 1971, pp. 444-445). After the base of the tubes 
had thawed, the heavy minerals were washed with acetone onto filter 
paper. The mixture of tetrabromoethane and acetone which formed 
during the washing process was separated using water, which absorbs 
the acetone. 
Plugs for thin sections were made by sprinkling heavy mineral 
grains into plastic ice cube trays and pouring Petro-Poxy over them. 
The plugs were cured, polished and mounted to thin section slides. 
The thin sections were cut and polished to optical thickness for 
point counting. Eighty-seven thin sections were point counted, with 
300 grains counted per slide. To validate the mineral identifica-
tions, nine thin sections were analyzed on the SEM/microprobe, with 
about 100 grains counted per thin section. An area on each thin 
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section_was photographed through the SEM before the samples were 
probed. The photographs were used to keep track of the grains which 
had already been probed. The probing time on each grain was twenty 
seconds, which allowed basic identification of each grain. This 
twenty second probe time for each grain did not provide enough ac-
curacy for these data to be included in the linear discriminant 
analysis. 
linear discriminant analysis was used to compare the heavy min-
eral percentages of the concretions and surrounding sediments within 
and between the Hell Creek and Ludlow fonnations. A linear discrimi-
nant function simplifies a set of measurements on a sample by trans-
fonning them into a simple discriminant value. The transfonned vari-
able, or value, becomes the sample's position along a line defined 
by the linear discriminant function (Davis, 1973, p. 443). In this 
study, the set of measurements consists of heavy mineral percen-
tages found by point counting sample thin sections. Each sample 
has a unique set of heavy mineral percentages. "The discriminant 
function finds a transfonn which gives the minimum ratio, of the 
difference between a pair of group multivariate means to the multi-
variate variance within two groups" (Davis, 1973, p. 444). The sam-
ples in the groups can be considered to be points in space, the co-
ordinates of which are defined by the values of the measured vari-
ables. Discriminant analysis searches for the orientation of the line 
or plane which will give the largest separation between groups with 
the least dispersion within groups when the points are projected onto 
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it (Davi~. 1973, p. 444}. The equation of the line or plane which 
produces the greatest separation and least dispersion is the linear 
discriminant function. 
SAS computer software was used to run the linear discriminant 
analysis (SAS Institute Inc., 1982}. The raw heavy mineral percen-
tages were used to calculate the coefficients of the discriminant 
function equation 
where Lm is the coefficient of each heavy mineral and Pm is the per-
centage for that particular heavy mineral. The coefficients describe 
the orientation of the plane for comparison of the two groups. Each 
sample's heavy mineral percentages are used in the equation to calcu-
late D values. D values are simple linear distances which can be 
plotted edsily. 
The midpoint of each group of points along the line is calcu-
lated by the equation 
where L's are the same coefficients used in the discriminant functions 
and A's are the mean heavy mineral percentages for the specific group 
(Davis, 1973, p. 444). 
The significance of these linear discriminant analyses are 
tested using the F test; 
F = [· na + nb-m-1] [_nanb] 02 (na + nb-2)m na+nb 
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where m: number of variables (heavy minerals), 
na = number of samples in the first group, 
mb = number of samples in the second group, 
m and (na + nb-m-1) are the degrees of freedom. 
The equation 
is the generalized distance or Mahalanbis' distance; o1 and o2 repre-
sent the difference of the mean values of the variables in each group 
times the Lm coefficients used in discriminant analysis. The gen-
eralized distance is a measure of the separation between the two 
multivariate means (Davis, 1973, p. 451). 
To test thd significance of the discriminant function the 
equality of the variances was tested within the groups and between 
the groups using the F test. 
The T-test was used to compare the mean values of heavy miner-
als in the concretions and surrounding sediments of the Hell Creek 
and Ludlow Formations. The average mean values of each heavy mineral 
in the concretions of the Hell Creek were compared to those of the 
Ludlow. The same technique was used to compare each heavy mineral 
type of the surrounding sediments in the Hell Creek and Ludlow For-
mations. 
The heavy mineral percentages were used as raw data, and SAS 
software was used to run the calculations for the T-test. The 
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hypotheses tested are that the means of the first population are 
equal to the means of the second population, or the alternative that 
they are not equal. The T-test is calculated using the equation 
X1-X2 
T = ---'----=------
Sp( ( l/n1 )+( 1 /n2) )~ 
where T = t value, 
x1 and x2 = mean values of heavy mineral percentages, 
Sp= pooled estimate of the population standard deviation, 
s1 = standard deviation of n1, 
s2 = standard deviation of n2, 
(n1+n2-2) = degrees of freedom for equal variances. 
For unequal variances 
. T = 
and the degrees of freedom are 
D.F. = r~: 2r + ( :! 2r 
0 1 °2 
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The SAS program tested the variance, and generated T values, 




The heavy mineral percentages from the concretions and sur-
rounding sediments in the Cretaceous Hell Creek and Paleocene Ludlow 
Formations are quite similar. The minerals identified in these for-
mations are: ilmenite, biotite, tourmaline, rutile, epidote, garnet, 
sphene, zircon, pyroxene, dolomite, apatite, barite, andalusite, 
pyrite, spinel and monazite. Barite is an authigenic cementing 
agent in eight of the concretion samples, three from the Hell Creek, 
and five from the Ludlow. The other authigenic material present is 
a ferruginous weathering rind which was distributed throughout both 
formations. Photographs of the more dominant heavy minerals are 
shown in Figure 4. The heavy mineral percentages of each sample 
point counted on the petrographic microscope are listed in Appendix 
C. The heavy mineral count results for samples which were analyzed 
on the SEM/microprobe are in Appendix D. 
The 63-125 micron size fraction comprises 8-46% of the total 
sample in the Hell Creek and 6-39% in the Ludlow. The heavy minerals 
make up 0.21-4.0% of that fraction in the Hell Creek and 0.21-5.5% 
in the Ludlow. Sample weights and percentages of the 63-125 micron 
fraction, and heavy mineral fraction are given in Appendix E. 
In these samples ilmenite is the most common opaque mineral. 
The grain shapes varied from moderately rounded to angular with no 








Figure 4. Common heavy minerals identified in the study: 
A - rutile, B - garnet, C - sphene, D - biotite, 
E - ilmenite, F - epidote, G - tourmaline, H - zircon, 
I - rounded zircon 
~ ~ 
-· . . ( ~;-;y ~ 
A B C 
D E F 
G H 
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colorles.s to slightly yellowish. The grain shapes were angular, 
with abundant cleavage and minimal rounding. 
Zircons, when present, comprised only a small percentage of 
the heavy mineral suite. Most of the zircons were colorless in 
plane light, but a few had a slight lavender tint. Only well-
rounded grains displayed the lavender tint. The most common shape 
was euhedral with prismatic tenninations. Rounded and partially 
rounded zircons were also present, but they constituted less than 
half of the zircons observed. 
Pyroxene made up a low percentage of the total suite when 
present. The pyroxenes observed were grayish green, and angular in 
shape. 
Dolomite _was present only in the surrounding sediment samples. 
The reason for this is that the HCl used to disaggregate the con-
cretions also destroyed any dolomite present. The grains observed 
were colorless and rhombohedral with rounded corners. 
Apatite was also identified only in the surrounding sediment 
samples, because the concretions were treated with an HCl solu-
tion. The grains tend to be elongated and colorless, with inclu-
sions common. 
Significant amounts of barite were identified in eight con-
cretionary samples. The grains were white-gray and radial to ragged 
in shape. The shapes of the grains and the localized concentra-
tions indicate an authigenic origin. 
Trace amounts of andalusite were identified with the SEM/ 
microprobe. The grains were angular, with a gray color. 
27 
Tr~ce amounts of pyrite were identified only while using the 
SEM/mfcroprobe. 
Spinel could be identified only in the SEM/mfcroprobe samples, 
because it is very similar in thin-section appearance to garnet. 
It comprised a small percentage of the total heavy mineral suite. 
The grains are angular and are brown in plane light. 
Monazite was identified only within the probe samples, and oc-
curred only in trace amounts. The grains observed were yellowish to 
colorless and angular. The rare earth elements corrmonly present in 
monazite were not detected by the SEH/microprobe. Examples of heavy 
mineral compositions as analyzed by the SEM/microprobe in oxide per-
centages are in Table 1. 
The mean, standard deviation, minimum and maximum values of 
each heavy mineral used in the linear discriminant analyses are 
listed according to formation and sample type in Tables 2, 3, 4, 
and 5. 
T~test 
The T-test was used to compare the heavy mineral means so that 
the significance of each heavy mineral could be assessed. The T-
test results for the comparison between the Hell Creek and Ludlow 
Formation surrounding sediments are shown in Table 6, while the 
results for the comparison between the concretions of the formations 
are in Table 7. 
In the comparison between the surrounding sediments of the 
Hell Creek and Ludlow Formations, tourmaline, rutile, epidote, gar-
net and zircon are significantly different at the 0.05 confidence 
. . .. 
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Table 1. Heavy mineral compositions as analyzed by the SEM/ 
microprobe (in oxide percentages). 
N 
0 0 
Mi ·~ ... 1 .. _. -· - -· 
P---«-- II< <;,; 
bintite 47.4 23.11 
tnurma 11 ne A0.39 
rutil .. 0 .? . 
- - .l .J- ..__ n .II l .. 
almandine 37. 3 1 58 
andradite 36.16 22.22 
orossularite 37.05 3.82 
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Table 2. The mean, standard deviation, minimum and maximum per-
centages of each heavy mineral used in the linear dis-
criminant analyses of the Hell Creek Formation surround-
ing sediments 
Table 3. The mean, standard deviation, minimum and maximum per-
centages of each heavy mineral used in the linear dis-




Mineral Mean Std. Dev. Min. Max. 
ilmenite 16.67 8.46 4.62 35.84 
biotite 10.56 8.03 1.32 26.41 
tourmaline 3.12 3. 12 0.00 13. 14 
rutile 11.64 3.08 6.94 16.86 
epidote 43.47 7. 31 27.24 60.50 
garnet 7. 51 2.38 3.08 14.10 
sphene 3.98 2.11 0.88 7 .81 
zircon 0.73 0.51 0.00 2.25 
pyroxene 1.58 0.85 0.44 3. 13 
TABLE 3 
Mineral Mean Std. Dev. Min. Max. 
ilmenite 20.32 8.04 8.55 37.37 
biotite 5.86 5.58 0.71 20.74 
tounnal ine 2.54 1.36 0.00 6.71 
rutile 13.35 4.51 7.69 27. 11 ' epidote 39.67 9.22 24.22 60.88 
garnet 9.54 3.39 1.48 17 .61 
sphene 5.67 2.07 1.72 10. 14 
zircon 1.20 0.97 0.00 4.52 
pyroxene 1.31 0.90 0.00 3.76 
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Table 4. The mean, standard deviation, minimum and maximum 
percentages of each heavy mineral used in the linear 
discriminant analyses of the Ludlow Formation sur-
rounding sediments 
Table 5. Mean, standard deviation, minimum and maximum per-
centages of each heavy mineral used in the linear 




Mineral Mean Std. Dev. Min. Max. 
ilmenite 23.90 10.30 9.01 43.84 
biotite 8.80 11.44 1.05 50.64 
tou rma 1i ne 1.44 0.70 0.38 2.83 
rutile 8.33 1.70 5.59 11.79 
epidote 37.63 8.85 24.46 49.06 
garnet 12.64 5.40 3.00 20.35 
sphene 3.57 1.62 1.29 6.27 
zircon 1.37 0.86 0.00 2.99 
pyroxene 1. 21 0.72 0.00 2.76 
TABLE 5 
Mineral Mean Std. Dev. Min. Max. 
ilmenite 22.96. 7.02 12. OS 35.44 
biotite 5.07 5.00 1.00 21.84 ]! 
tou rrna 1 i ne 2 .16 0.94 1.00 4.35 I 
rutile 11.54 3.88 5.23 22.07 
epidote 37.22 8.60 25.26 55.42 
garnet 13.04 4.55 4.82 23.33 
sphene 4.79 l.63 l. 71 7.30 
zircon 1.15 0.88 0.00 3.49 
pyroxene 1.59 1.06 0.00 3.40 
34 
Table 6. Results of the T-test comparison for the 22 Hell 
Creek and 24 Ludlow surroundinQ sediment samples. 
Table 7. Results of the T-test comparison for the 22 Hell 




Mineral F-Value T-Value Freedom Variance 
ilmenite 1.66 -1.5996 44. equal 
biotite 2.29 -0.069la 44. equal 
tourmaline 14.33 2.1585a: 40. 1 unequal 
rutil e 1.46 2.2120a 44. equal 
epidote 1 . 33 2.2105b 44. equal 
garnet 4.80 -3. 3809. 32.8 unequal 
sphene 1.75 0.5850a 44. equal 
zircon 2.97 -2.1942 37.5 unequal 
pyroxene 1.39 1.3867 44. equal 
TABLE 7 
Degrees 
Mineral F-Value T-Value Freedom Variance 
ilmenite 1.38 -1.0808 39. equal 
biotite 1.32 0.5125 39. equal 
tourmaline 2.09 0. 9115 39. equal 
rutile 1.38 1 .4990 39. equal 
epidote 1.20 0.8091b 39. equal 
garnet 1.71 -2.8854 39. equal 
sphene 1.71 l. 5162 39. equal 
zircon l.28 0.2000 39. equal 
pyroxene 1.50 -1 . 1629 39. equal 
aindicates significance at the .95 1 evel 
bindfcates significance at the .99 level 
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level. 'The tourmaline and zircon populations do not contribute 
much to the total population of heavy minerals, but rutile, epidote, 
and garnet are important contributors. The significant differ-
ences in the rutile, epidote and garnet in the two formations is 
an indication either of some diagenetic processes taking place, or 
a change in source rocks. This will be discussed later in more de-
tail. 
In the comparison between the concretions of the Hell Creek 
and Ludlow Formation only garnet shows a significant difference. 
This may be an indication that there was no major change in the 
source area which provided the heavy minerals to these two forma-
tions. The difference in the garnet concentrations may be due to 
subtle changes· in rock source type. The difference between the T-
test comparison of the surrounding sediments and concretions is 
noticeable, and as will be discussed later, may be due to diagenetic 
processes. 
Linear Discriminant Analyses 
The heavy mineral percentages were used in linear discriminant 
analysis to compare concretions and surrounding sediments within 
and between the Hell Creek and Ludlow formations. All of the D2 
values and F test values with their significance levels for these 
comparisons are shown in Table 8. The discriminant function co-
efficients for these comparisons are displayed in Table 9. 
Comparison of the D values for the 22 concretion and 22 
surrounding sediment samples within the Hell Creek Formation are 
-··~··-~ 
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Table 8. o2 Values and F-Values with Significance Levels. 
38 
TABLE 8 
D2 F Significance 
Comparison between concretions 1.956 1.936 not signifi-
and surrounding sediments with- cant at the 
in the Hell Creek Fonnation . 1 1 evel 
Comparison between concretions 1.967 1 .505 not signifi-
and surrounding sediments with- cant at the 
in the Ludlow Fonriation . 1 1 eve l 
Comparison between the surround- 4.175 3.626 significant 
ing sediments of the Hell at the .01 
Creek and Ludlow Formation level 
Comparison between the concre- 1.553 1.349 not signifi-
tions of the Hell Creek and cant at the 
Ludlow Formations .1 1 eve l 
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Table 9. The discriminant function coefficients used for the 
concretionary and surrounding sediment comparisons 
within and between the Hell Creek and Ludlow For-
mations. In the D equations; ilm represents ilmenite, 
bi - biotite, tour - tourmaline, rt - rutile, ep -




l) Comparison of the 22 concretion 
and 22 surrounding sediment 
samples within the Hell Creek 
Formation 
2) Comparison of the 18 concretion 
and surrounding sediment 
samples within the Ludlow 
Formation 
3) Comparison of the 22 Hell Creek 
and 18 Ludlow Formation sur-
rounding sediment samples 
4) Comparison of the 22 Hell Creek 
and 18 Ludlow Formation con-
cretionary samples 
Coefficient Values 
D = 50.852 - .4656 ilm 
-.3711 bi - .3607 tour 
-6891 rt - .4931 ep 
-5160 gar - .6871 sph 
-1.4617 zr 
0 = 24.389 + .2276 ilm 
+.3398 bi - .1491 tour 
-0021 rt+ .3173 ep + .3423 
gar - .1235 sph + .6313 zr 
D = 51.592 + .5249 ilm 
+ .4049 bi+ .8285 tour 
+ .9350 rt.+ .5211 ep + .0668 
gar+ .7588 zr 
D = -43.221 + .4262 ilm 
+ .3666 bi+ .5646 tour 
+ .5306 rt+ .4497 ep + .1579 
gar+ .6698 sph + 1.108 zr 
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shown in·Figure 5. Within the Hell Creek Fonnation 22.7% of the sur-
rounding sediment samples were classified in the concretions group, 
and 22.7% of the concretions were classified in the surrounding sedi-
ments group. 
Comparison of the O values for the 18 concretionary and 18 
surrounding sediment samples within the Ludlow Fonnation are shown 
in Figure 6. Within the Ludlow Formation 22.2% of the surrounding 
sediment samples were classified into the concretions group, and 
22.2% of the concretions were classified into the surrounding sediments 
group. 
Comparison of the O values between the 22 Hell Creek and 18 
Ludlow Formation surrounding sediment samples are shown in Figure 7. 
In the comparison between the surrounding sediments of the two for-
mations 18.2% of the Hell Creek samples. were classified into the 
Ludlow, and 27.8% of the Ludlow samples were classified into the 
Hell Creek. 
Comparison of the O values between the 22 Hell Creek and 18 
Ludlow formations concretionary samples are displayed in Figure 8. 
In the comparison between the concretions of the Hell Creek and Lud-
low formations 18.2% of the Hell Creek samples were classified into 
the Ludlow, and 33.3% of the Ludlow were classified into the Hell 
Creek. 
When linear discriminant analysis was used to compare the 
heavy mineral percentages of the surrounding sediments and concre-
tions within the Hell Creek and Ludlow fonnations, no significant 
differences were found. The comparison between the concretions 
42 
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Figure 7. Linear discriminant comparison between Hell Creek 
and Ludlow surrounding sediment samples. 
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of the fo.rmations also yielded no significant differences. There 
was, however, a significant difference between the surrounding sedi-
ments of the Hell Creek and Ludlow Fonnations. The mean heavy miner-
al values used in the analyses are directly compared in Tables 10 
and 11. Within the Hell Creek the mean percentages of ilmenite, 
rutile, garnet, sphene, and zircon are noticeably higher in the con-
cretions than in the surrounding sediments. Within the Lud·low the 
mean percentages of rutile and sphene are noticeably higher .in the 
concretions than in the surrounding sediments, whereas biotite is 
noticeably lower. The only consistent similarity between the two 
comparisons is that rutile and sphene tend to be higher within the 
concretions and biotite lower. There appears to be a relative in-
crease in the amount.of ilmenite and garnet from the Hell Creek to 
Ludlow and a relative decrease in biotite, tounnaline, rutile and 
epidote. 
The T-test results, showing tourmaline, rutile, epidote, gar-
net, and zircon as being significantly different in the comparison 
of the surrounding sediments between the Hell Creek and Ludlow For-
mations, support the linear discriminant results which also show a 
significant difference in the surrounding sediments. The T-test 
also supports the linear discriminant analysis by showing no sig-
nificant difference between the concretions of the two formations, 
except the garnet. 
I 
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Hell Creek Fonnatfon 




rutile 11 .64 
epidote 43.47 
















































Table 11. Comparison of the mean heavy mineral values between 
the concretions, and surrounding sediments of the 






























































INTERPRETATION AND DISCUSSION 
Source Areas 
The comparison of the heavy mineral percentages between the 
Cretaceous Hell Creek and Paleocene Ludlow fonnations of south-
western North Dakota indicates that there has not been a major change 
in source area from Hell Creek to Ludlow time. Garnet is signifi-
cantly different between concretions of the Hell Creek and Ludlow 
formation, and ilmenite and rutile are slightly different. In the 
surrounding sediments of the Hell Creek and Ludlow fonnations tour-
maline, rutile, epidote, garnet and zircon are significantly differ-
ent. These differences show evidence of a subtle change in source 
rock type from the Hell Creek to Ludlow Fonnation. The possible 
rock source types for each heavy mineral are summarized in Table 12. 
Frye (1967) studied the plagioclase feldspars of the Hell 
Creek, Tullock, Lebo and Ludlow formations to determine what types 
of volcanic rocks supplied the majority of these sediments. He 
observed that the plagioclases from ash falls were derived from a 
rhyolitic source, while those found in the rest of the units were 
from a rhyolitic-andesitic source. Most of the feldspars which 
he identified were anorthite-rich calcic plag1oclases which are 
common in the western Montana area. He suggested that the probable 




Table 12. List of possible source rocks for the given min-
)·. era ls (after Hurlbut and Klein, 1977, and Deer 
tj, 
! i!i . . Howie and Zussman, 1966) . 
. 'i!t ·.· 
. • r 
• I ·.: 
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Possible Source Rocks .. 
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ilmenite X X X X 
biotite X X X X X 
tounnaline X X X 
rutile X X X X 
{ 
' 
epidote X X X X 
garnet X X X X 
sphene X X X X 
zircon X X X X 
pyroxene X X X 
. ' 
dolomite X X X 
apatite X X X X X X 
barite X X 
andalusite X X 
pyrite X X X X X X X 
spinel X X X X 
monazite X X 
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Ludlow formations of North Dakota was western Montana and adjacent 
parts of Wyoming. 
Butler (1980) stated that the Elkhorn Mountains Volcanic Com-
plex south of Helena, Montana was probably the dominant source for 
the sediments now in the Hell Creek and Ludlow formations. Figure 9 
shows the location of the volcanic complex. 
Butler's work in the Glendive area demonstrates that, within 
the Little Beaver Creek and Marmarth Members of the Hell Creek For-
mation, quartz forms 35 to 55% of the sandstone, feldspars 2 to 5%, 
and rock fragments comprise the remainder of the sandstone (Butler, 
1980, p. 208). Volcanic rock fragments form 60 to 75% and chert 
25 to 40% of the total rock fragments (Butler, 1980, p. 208). Most 
of the quartz grains. indicate a cataclastic origin, but meta-
morphic quartz grains are also common. Volcanic rock fragments are 
composed of albite and oligoclase laths in a siliceous groundmass. 
Some low rank metamorphic rock fragments of slate and phyllite are 
also present. 
In the Bacon Creek Member quartz forms 10 to 50%, albite and 
oligoclase 1 to 5%, and rock fragments comprise 45 to 90% of the 
sandstones. The rock fragments are dominated by volcanic fragments, 
whereas the sedimentary rock fragments are mostly chert; the meta-
morphic rock fragments consist of slate, phyllite and schist (Butler, 
1980, p. 210). 
In the Huff Member, quartz forms 30 to 65%, albite, oligo-
clase and andesine feldspars form up to 8%; and rock fragments 









Figure 9. Location of the Elkhorn Mountains Volcanic Complex 
in western Montana (Geologic Atlas of the Rocky 
Mountain Region, Figure 45, McGookey and others, 
1972). 
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rock fragments comprise 30 to 70% of the total rock fragments, with 
sedimentary fragments forming 25 to 75% and metamorphic fragments 
ranging from a few percent to 20% of the total. 
In the Ludlow Fonnation, quartz comprises 40 to 75%, plagio-
clase feldspars 3%, and rock fragments 25 to 50% of the sandstones. 
Volcanic grains dominate the rock fragments in half of the samples 
and are subequal to sedimentary fragments in the other half. Chert, 
shale, and carbonate make up the sedimentary rock fragments, with 
chert being the most abundant {Butler, 1980, p. 213). The meta-
morphic rock fragments consist mostly of slate and schist. 
The accessory minerals identified in the Hell Creek Formation 
are; biotite, magnetite, hematite, muscovite, hornblende, epidote, 
. 
sericite, zircon, tourmaline, topaz, hypersthene, enstatite, rutile, 
diopside and garnet. The accessory minerals identified in the Lud-
low Formation are; biotite, magnetite, hematite, muscovite, garnet, 
augite, diopside, hypersthene, enstatite, hornblende, tremolite, 
tourmaline, zircon, and calcite (Butler, 1980). 
Butler conducted paleoflow analysis of the point bar environ-
ment by studying the geometry of a large-scale cross strata and aban-
doned channel deposits. From the results he determined that the 
streams flowed mostly from west to east, but varied locally_ from north-
east to south. He also used the field-tested empirical relationships 
of Schurrm (in Butler, 1980) for alluvial rivers to determine 
stream length. In the Marmarth Member of the Hell Creek Formation 
Butler (1980) determined the stream length to be 520 km. In the 
62 
Bacon Creek Member of the Hell Creek Formation he calculated the 
stream length varied from 520 to 450 km. In the Huff Member of the 
Hell Creek Formation he detennined that the stream length varied 
from 480 to 410 km. In the Paleocene Ludlow Formation Butler (1980) 
calculated that the stream length varied from 400 to 380 km. 
Butler's provenance conclusions are based on the ability of 
the Elkhorn Mountains region to supply the rock types present in the 
Hell Creek and Ludlow Formations, the sequence of detritus yield 
(basically volcanic, sedimentary, and metamorphic), and the paleo-
hYdrologic data that he calculated. 
The Elkhorn Mountains Volcanics are remnants of a thick plateau-
like or shield-like accumulation exposed in an area of about 7760 
square km. around the Boulder Batholith in the Elkhorn Mountains 
and the Boulder Mountains. Similar rocks nearby indicate that the 
volcanic pile may have covered as much as 26,000 square km. The 
stratigraphy of the Elkhorn Mountains consists of a thick sequence 
of Upper Cretaceous volcanic rocks overlying Upper Paleozoic and 
Mesozoic sedimentary and low-grade metamorphic rocks. The volcanic 
rocks are divided into three units: the lower unit consists of 
andesitic, rhyodacitic and basaltic rocks, pyroclastic and epiclas-
tic rocks, autobrecciated lavas and related mudflows; the middle 
unit is comprised of rhyolitic tuff sheets and ash flows; and the 
upper unit consists of water-laid tuff and andesitic sedimentary 






Toe laramide orogeny resulted in the emplacement of the Boulder 
Batholith in four stages, starting 78 million years ago and ending 
about 72 million years ago. The rocks underlying the volcanics are 
marine and nonmarine sedimentary rocks which range in age from 
Mississippian to Late Cretaceous (Fig. 10). 
The heavy minerals of the Cretaceous Hell Creek and Paleocene 
Ludlow Formations thus seem to have been derived from silicic and 
mafic igneous, low-grade and contact metamorphic, and recycled sedi-
mentary rocks. The immature character of both the Hell Creek and 
Ludlow sediments limits the distance of possible areas from which 
they could have been derived. Frye and Butler both concluded that a 
volcanic source provided the majority of the light minerals in the 
Hell Creek and Ludlow formations. The type of volcanic rocks which 
supplied the sediments were quartz latite, rhyodacite, andesite, 
basalt and rhyolitic ash. The closest source area which could have 
provided both these specific fresh volcanic grains, and the suite 
of heavy minerals observed, was western Montana. The source area 
for the sediments of the Cretaceous Hell Creek and Paleocene Ludlow 
formations was probably the Elkhorn Mountains Volcanic Complex and 
adjacent rocks, which is in agreement with Frye and Butler. This 
conclusion is based on the following points: (l) the sediments ob-
served showed minimal or no signs of weathering and transport; (2) 
the closest large volcanic complex which could have supplied the 
volume of sediment at the end of the Cretaceous and beginning of 
the Paleocene was the Elkhorn Mountains Volcanic Complex; (3) both 
the light and heavy mineral suites could have been derived from 
' ! . 
j i 
' ' ~ 
64 
Figure 10. Stratigraphic column of the strata around the Elk-
horn Mountain Volcanic Complex in central Montana 
and the equivalent strata in the Williston Basin, 
North Dakota (Geologic Atlas of the Rocky Mountain 
Region, 1972, Rocky Mountain Association of 
Geologist; source for the dates on the Boulder 
Batholith after Robinson, Kleeper and Obradovich 
1968; the Elkhorn Mountain Volcanic age was deter-
mined by Cobban and Rees i de, 1952) . 
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the Elkhorn Ho.untains Complex and adjacent rocks; (4) Butler's paleo-
hydrologfc data indirectly supports the source area by stating that 
the average stream length during Hell Creek and Ludlow time was 450 
km long and the flow directions were basically west to east, which 
generally provided a straight path from the source area to the point 
of deposition. 
G_eneral Diagenesis 
The samples used in this study were from calcareous sandstone 
lenses, 'log' concretions.irregularly-shaped concretions, and the 
sediments immediately surrounding them ·in the Hell Creek and Ludlow 
formations. These lithified sedimentary structures are common in 
these formations in southwestern North Dakota. The majority of these 
lenses and concretions are cemented with calcium carbonate, but eight 
,•~c-1 
of the samples studied contained barite as part of the cementing 
agent. 
The calcareous sandstone lenses vary in size, ranging from 1-
10 meters in length and 0.1 to 2 meters in thickness. They tend to 
be elongated parallel to the bedding, but are seldom restricted to 
single bedding planes. Figure 11 shows an example of a lens outcrop. 
These lenses usually preserve primary sedimentary structures such 
as bedding. The surrounding sediments are not compacted around the 
lenses, and the contact is usually gradational. Both Frye (1967) 
and Groenewold (1971) studied thin sections of some lenses and noted 
that they contained about 80% calcite, both fibrous and sparry. 
All the clay matrix and many of the volcanic and chert grains were 






Figure 11. A calcareous lens outcrop from the Huff Member of 
the Hell Creek Fonnation (SE~ Sec. 23, T.133N., 








partially replaced (Frye. 1967, p. 130). Expansive growth of fib-
rous calcite was indicated by a few broken feldspar laths. Frye ob-
served plumose calcite, which had grown perpendicular to the bed-
ding, between the laminae, forcing them apart; this also indicates 
expansive growth (Frye, 1967, p. 132). 
The shape and size of calcareous sandstone 'log' concretions 
distinguish them from lenses. 'Logs' are ellipsoidal in cross-
section, whereas lenses are more tabular. The long axes of 'logs' 
are oriented parallel to the bedding. The size of these 'logs' ranges 
from 10-15 meters in length as opposed to 1-10 meters for lenses. 
Figure 12 shows an example of a 'log' concretion. These 'logs' also 
preserve the bedding structures and show no signs of surrounding sedi-
ment compaction. The.calcite content, growth and replacement is simi-
lar to that of the lenses. 
Irregular calcareous sandstone concretions range in size from 
0.5 to 1 meter in diameter. The shapes are variable, but are usually 
ellipsoid. Figure 13 shows an example of an irregularly-shaped con-
cretion in outcrop. Compaction of the sediments surrounding the 
concretions is common. These concretions usually contain more than 
80% calcite. with partial replacement of silicate grains and total 
replacement of the clays and many volcanic and chert grains. 
Sediments surrounding the calcareous lenses and 'log' concre-
tions are not compacted, indicating that both were formed relatively 
late after deposition. These concretions and lenses form in highly 
permeable sediments and have their long axis parallel to the apparent 
subsurface paleodrainage direction. Groenewold (1971) concluded 
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Figure 13. An irregular concretion from the Huff Member of 
the Hell Creek Formation (SW\, Sec. 26, T.133N., 
R.106W., Slope County, ~orth Dakota). 
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that these structures probably fanned by the precipitation of calcium 
carbonate from the groundwater in zones of high penneability. The 
precipitation of calcium carbonate could have been triggered by a 
rise in pH or temperature, but the exact mechanism is not known. 
The irregular concretions were probably fonned at a relatively 
early stage after deposition, as indicated by the compaction of the 
surrounding sediments around the concretions. These concretions may 
have been fanned as a result of heterogeneous nucleation by organic 
fragments at the core (Berner, 1971, p. 107). Organic material is 
common throughout the Hell Creek and Ludlow fonnations and is 
probably the cause of initial precipitation of Caco3• Continued 
groundwater flow probably provided additional caco3 to enlarge 
the initial precipitation. 
The linear discriminant analysis of the concretions and sur-
rounding sediments within the Hell Creek and Ludlow fonnations showed 
no significant differences at the 0.1 confidence level. Observa-
tions of the mean heavy mineral percentages show some small differ-
ences between the concretions and surrounding sediments of each for-
mation. Within the Hell Creek Formation the mean percentages of 
ilmenite, rutile, garnet, sphene, and zircon are slightly higher in 
the concretions than in the surrounding sediments. Biotite and epi-
dote are noticeably lower in the concretions than in the surround-
ing sediments. Within the Ludlow Fonnation the mean percentages of 
rutile and sphene are slightly higher in the concretions than in 
the surrounding sediments, whereas biotite is noticeably lower. 





the HelT Creek and Ludlow provide evidence that the differences in 
heavy mineral percentages are due to a diagenetic process, spec-
ifically the replacement of elastics in the concretions by calcite. 
Frye mentions that the clay matrix, volcanic and chert grains were 
replaced by calcite (Frye,-1967, p. 151). Frye also stated that com-
mon silicate grains appear to be replaced only partially. Biotite 
percentages are much lower within the concretions than in the sur-
rounding sediments. This marked difference in biotite percentages 
appears to be the result of replacement within the concretions. 
The evidence for replacement is also supported by the amount of heavy 
minerals found in the concretions versus the surrounding sediments. 
The average weight of heavy minerals within the standard 15 gm samples 
used in the study was 1.26 gm for the concretion samples and 1.68 
gm for the surrounding sediment samples. 
Linear discriminant analysis of the surrounding sediments of 
the Hell Creek and Ludlow fonnations shows a significant difference 
at the 0.01 confidence level. The heavy minerals which contribute 
to this significant difference were isolated by the T-test and are: 
tourmaline, rutile, epidote, garnet and zircoA. Rutile, epidote 
and garnet are probably more important than tourmaline and zircon 
in the difference between the Hell Creek and Ludlow surrounding 
sediments. 
Linear discriminant analysis of the concretions between the 
Hell Creek and Ludlow formations shows no significant differences 
at the 0.1 confidence level. A comparison of the mean heavy 









11) show that there are no noticeable differences except in the gar-
net. This is supported by the T-test of the concretion heavy miner-
als, which shows that garnet is significantly different at the 0.01 
confidence level, and is the only heavy mineral significantly dif-
ferent in the comparison. This suggests several possible explana-
tions for why there is a significant difference between the surround-
ing sediments of the Hell Creek and Ludlow Formations, and why there 
is not any significant difference between the concretions. The 
first is that the concretions have a stabilized environment and the 
surrounding sediments are subject to diagenetic processes, or that 
the concretions have undergone diagenetic changes and the surrounding 
sediments merely reflect a subtle change in source rocks. The pos-
sibility that there were slight differences in the sources which 
supplied the sediments shed into these formations, perhaps as the 
result of a shift in drainage areas or unroofing of different rock 
types, is more probable. Another possibility is that the slight dif-
ferences merely reflect sampling variations within the study. The 
formation of the concretions is a diagenetic process in itself, and 
the strong evidence of replacement occurring within them weakens 
the first model. There is no evidence in this study to suggest that 
diagenetic processes affected the surrounding sediments of the Hell 
Creek or Ludlow Formations. 
Butler observed more metamorphic rock fragments in the Ludlow 
than in the Hell Creek samples from his study area. He concluded 
that there was downcutting in the source area which exposed more 




results to suggest an increase in metamorphic rock contribution from 
the Hell Creek to Ludlow. There was however an increase in garnet 
and ilmenite from the Hell Creek to Ludlow fonnations. 
Further work with the light and heavy mineral suites of the 
Hell Creek and Ludlow fonnations in North Dakota and Montana might 
define the provenance of these fonnations more precisely. The dat-
ing of tectonic and volcanic episodes should be pinned down more 
accurately so that the sequence of events influencing sedimentation 
of these formations may be determined. 
More work must be conducted on the diagenesis of the Hell Creek 
and Ludlow sediments before an accurate conclusion can be made con-
cerning the reason for the differences in heavy mineral percentages 
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CONCLUSIONS 
1. There has not been a major change in source area from the 
Hell Creek to Ludlow time. 
2. The majority of the heavy minerals observed in the study 
have undergone only one cycle of erosion and deposition. 
3. The heavy minerals of the Cretaceous Hell Creek and Paleo• 
cene Ludlow formations have been derived from silicic and mafic 
igneous, low-grade and contact metamorphic, and recycled sedimentary 
rocks. 
4. The source area for the sediments of. the Cretaceous Hell 
Creek and Paleocene Ludlow formations was probably the Elkhorn Moun· 
tains Volcanic Complex and adjacent rocks. 
5. The slight differences in heavy mineral percentages be-
tween the concretions and surrounding sediments within the two forma· 
tions are probably due to diagenetic processes within the concre-
tions. 
6. The differences between the heavy mineral percentages of 
the Hell Creek and Paleocene Ludlow Formation surrounding sediments 
are probably due to slight differences in the sources which supplied 









MEASURED SECTIONS--SAMPLE LOCATIONS AND STRATIGRAPHIC 
POSITIONS 
81 
The measured sections were by Charles I. Frye, 1969, Strati-
graphy of the Hell Creek Fonnation in North Dakota: North Dakota 
Geological Survey, 64 p. 
The column on the left contains Frye's measuring levels, the 
next column has the sample numbers which were taken from specific 
levels, followed by the lithologic description and the thickness of 
the 1 eve 1. 
Section 3 
Sec. 26, T.134 N., R.106 W., Slope County, North Dakota (Type 
section for the Pretty Butte Member of the Hell Creek Fonnation) 
Ludlow Formation 
48. Light-yellowish-brown, interbedded 
silts and shales 25 ft. 
47. Light-tan, calcareous sandstone ledge 1 ft. 
46. Light-brown, interbedded shales, silts, 
and fine sands 16.5 ft. 
45. Dark-brown lignite and lignitic shale ft. 
44. Buff, fine sand 14 ft. 
43. Dark-brown, shaly lignite 1 ft. 
42. Tan, fine sand 16 ft. 
41. Dark-brown to black shaly lignite 4 ft. 
40. 101 Buff, fine sand, and silt with cal-
careous sandstone 
109 Lenses 4 feet above the base and a 
calcareous. Sandstone ledge 2 feet 





39. Dark-brown to black lignite 3.5 ft. 
38. Light-brown, interbedded silt and 
shale 5 ft. 
37. Gray, bentonitic shale 20 ft. 
36. 120 Rusty-brown bentonite with 
calcareous concretions near 
123 the base 6.5 ft. 
130 
35. Brownish-gray, somewhat bentonitic, 
crossbedded sand 6.5 ft. 
34. Rusty colored bentonite 1 ft. ' j 
33. Brown lignite and lignitic shale ! 
which changes laterally to a pale 
yellowish-brown silt 15 ft. 
32. Light-bluish-gray, clay-rich 
sand 4 ft. 
31. Rusty-brown silt and bentonitic 
shales with siderite nodules 
weathering to limonite near the base 9 ft. 
30. Dark-brown lignite 5 ft. 
29. Gray bentonite 1 ft. 
28. White calcareous sandstone ledge 5 ft. 
27. 139 Brown sand with rust colored 
I 
bentonite partings and siderite 
nodules weathering to limonite at 
the base 12 ft. 
26. Brownish-gray bentonite 3 ft. 
I 25. Brown lignite and lignitic shale 4 ft. 
24; Light-yellowish-gray bentonite and 






















Gray sand with lignitic lenses, 
very.light - gray, calcareous 
sandstone lenses and siderite 
nodules weathering to limonite in 
the lower 
portions 
Brown lignite and lignitic ~hale 
Limonite stained, brown, 
bentonitic shale 
Gray sand 
Grayish-brown, bentonitic shale 
Brown, lignitic sand 
Gray bentoni te 
Brown lignite and lignitic shale 
Gray, bentonitic shale 
Light-yellowish-brown, fine sand 
and silt - "Yellow bed" 
Dark brown lignite (lowest 
persistent lignite) 
Total thickness of the Ludlow 
Fonnation 







Light-gray sand with calcareous 
sandstone lenses near the base 
Light-gray bentonite 























Total thickness of the Pretty 
Butte Membel' 








Gray sand w1th siderite nodules 
weathering to limonite near the 
top and bottom, and calcareous 
sandstone lenses just above the 
bottom 
Grownish-gray bentonitic shale 
grading downward into bentonitic 
sand with siderite nodules 
weathering to limonite. Mostly 
sandy 10 ft. below the top 
Brown, lignitic shale and lignite 
Gray, bentonitic shale which is 
replaced by a lignitic shale lens 
at the base 
Lignitic shale 
Medium-gray, bentonitic shale 
Light-brown, lignitic shale 












SE~ sec. 23, T.133 N., R.106 W., Slope County, North Dakota 
(Type section of Bacon Creek Member of the Hell Creek Formation). 




46,47 Buff sands with calcareous 
sandstone lenses 
Medium-gray, bentonitic shale 
Dark gray bentonite with siderite 
nodules weathering to limonite 












Light-gray. interbedded bentonitic 
sand and sandy bentonites 
Medium-gray bentonite 
Sand with calcareous sandstone lenses 
Total thickness of the Huff Member 





















Light-gray sand with bentonitic 
shale partings and calcareous 
sandstone bentonite 
Tannish-gray bentonite 





Dark-purplish-brown, lignitic shale 
Medium-gray bentoni te 
Medium- to light-gray sand 
Moderate-grayish-brown bentonite 



































Medium-gray, interbedded sands and 
benonites with siderite nodules 





shale 1 ft. 
Medium-gray bentonite 4 ft. 
Yellowish-gray sand with calcareous 
sandstone lenses 7 ft. 
Medium-gray bentonite 1 ft. 
Yellowish-gray sand 4 ft. 
Yellowish-gray sand with siderite 
nodules weathering to limonite at 
the base 5 ft. 
Medium-gray bentonite 




Hell Creek Formation (Marmarth Member) 
l. Light-gray sand 





Sec. 26, T.133 N., B.106 W., Slope County, North Dakota (Type 
section of the Marmarth Member of the Hell Creek Formation). 




Calcareous sandstone lenses laying on 
top of butte 






28. Dark-gray bentonite 3 ft. 
27. Medium-gray to brown bentonite 6 ft. 
26. Light-gray, fine sand 1 ft. 
25. Light-gray, bentonitic shale 3 ft. 
24. Light-greenish-brown to gray bentonite l ft. 
23. Light-grayish-brown, clay-rich, 
l ignitfc sand 4 ft. 
22. Sandy, lignitic shale and 1 ignite 2 ft. 
21. Medium-gray bentonite 2.5 ft. 
20. Medium-yellowish-gray bentonite l. 5 ft. 
19. Medium-gray, bentonitic shale 4 ft. 
18. Dark-purplish-brown, lignitic shale l ft. 
17. Medium-gray, bentonitic shale 3 ft. 
16. Moderate- to light-brown, lignitfc 
shale and shaly lignite 1.5 ft. 
15. Medium-gray bentonite .5 ft. 
14. Medium-yellowish-gray bentonite 5 ft. 
13. Yellowish-gray, bentonitic sands 
with bentonitic shale partings 20 ft. 
12. Medium- to light-gray bentonite 75 ft. 
Total thickness 75 ft. 
Hell Creek Formation {Marmarth Member) 
l 
11. Light-gray sand with bentonitic 
shale partings 45 ft. 
I 10. Dark-brown to black, lignitic shale 
I and lignite with siderite nodules weathering to limonite l ft. 
I 9. Medium-gray bentonite 9 ft. 








Medium-gray. bentonitic shale 
Light-brownish-gray sand with some 
rusty to whitish calcareous 
sandstone lenses 
Medium- to dark-gray bentonite 
Total thickness of the Marmarth 
Member 






silty lignitic shale which breaks 
into blocky plates 
Light-gray silt with bentonitic 
shale partings 
Medium- to dark-gray bentonite 
Light-gray sand with bentonitic 
shale partings 












SW!,; sec. 7, T.132 N.R.106 W., Bowman County, North Dakota (Type 
section of the Little Beaver Creek Member of the Hell Creek Forma-
tion). 
Hell Creek Formation (Marmarth Member) 
19. 
18. 
Gray, brown weathering sand with 
limonitic calcareous sandstone 
lenses and sideritic nodules weather-
ing to limonite near the base 
Light-gray, bentonitic shale 























Formation (Little Beaver Creek Member) 
Dark-purplish-brown, lignitic shale 1 • 5 ft. 
Light-brownish-gray, bentonitic 
shale with siderite nodules weather-
ing to limonite near the base 22 ft. 
Brown, lignitic shale ft. 
Medium-gray, bentonitic shale with 
siderite bed weathering to limonite 11 ft. 
Moderate-brown sand . 5 ft. 
Light-brownish-gray, bentonitic shale 4.5 ft. 
Light-gray, bentonitic shale with 
sandy lenses grading downward into 
sand with bentonitic shale partings. 
Calcareous sandstone lenses near the 
base 18 ft. 
Dark-purplish-brown to black, 
thinly fissile, lignitic shale 3.5 ft. 
Brown, white to pale-lavender 
weathering, lignitic sand 14.5 ft. 
Dark-purplish-brown, thinly 





















Dark-purplish-brown, lignitic shale 
Light-brownish-gray, bentonitic 
shale with siderite nodules weather-
ing to limonite near the base 
Brown, lignitic shale 
Medium-gray, bentonitic shale with 
siderite bed weathering to limonite 
Moderate-brown sand 
Light-brownish-gray, bentonitic shale 
Light-gray, bentonitic shale with 
sandy lenses grading downward into 
sand with bentonitic shale partings. 
Calcareous sandstone lenses near the 
base 
Dark-purplish-brown to black, 
thinly fissile, lignitic shale 
Brown, white to pale-lavender 
weathering, lignitic sand 
Dark-purplish-brown, thinly 
fissile, lignitic shale 














SAMPLES WHICH WERE TAKEN FROM AREAS WHICH FRYE OID NOT 
MEASURE SECTIONS, BUT HAVE BEEN PHYSICAL.LY CORRELATED 








48. From the equivalent of Frye's section 3, level 11, 
Pretty Butte Member of the Hell Creek Fonnation, 
Sec. 25, T.134N, R.106W, Slope County, N.D. 
49. From the equivalent of Frye's section 3, level 11, 
Pretty Butte Member of the Hell Creek Fonnation, 
Sec. 25, T.145N, R.106W., Slope County, N.D. 
50. From the equivalent of Frye's section 3, level 11, 
Pretty Butte Member of the Hell Creek Fonnation, 
Sec. 25, T.134N., R.106W., Slope County, N.D. 
53. From the equivalent of Frye's section 7, level 26, 
Huff Member of the Hell Creek Formation, Sec. 25, 
T.134 N., R.106W., Slope County, N.D. 
54. From the equivalent of Frye's section 7, level 26, 
Huff Member of the Hell Creek Formation, Sec. 25, 








From the equivalent of Frye's section 7, level 26, 
Huff Member of the Hell Creek Formation, Sec. 25, 
T.134N., R.106W., Slope County, N.D. 
From the equivalent of Frye's section 7, level 26, 
Huff Member of the Hell Creek Formation, Sec. 25, 
T.134N., R.106W., Slope County, N.D. 
From the equivalent of Frye's section 3, level 11, 
Pretty Butte Member of the Hell Creek Formation, 
NW~ sec. 25, T.134N., R.106W., Slope County, N.D. 
From the equivalent of Frye's section 3, level 11, 
Pretty Butte Member of the Hell Creek Formation, 
NW!, sec. 25, T.134N., R.106W., Slope County, N.D. 
From the equivalent of Frye's section 3, level 11, 
Pretty Butte Member of the Hell Creek Formation, 
Sec. 25, T.134N., R.106W., Slope County, N.D. 
From the equivalent of Frye's section 3, level 7, 
Huff Member of the Hell Creek Formation, Sec. 25, 
T.134N., R.106W., Slope County, N.D . 
From the equivalent of Frye's section 3, level 7, 
Huff Member of the Hell Creek Formation, Sec. 25, 







78.· From the equivalent of Frye's section 3, level 7, 
Huff Member of the Hell Creek Formation, Sec. 25, 







HEAVY MINERAL PERCENTAGES BASED ON 44 THIN SECTIONS IN THE HELL 
CREEK FORMATION AND 36 IN THE LUDLOW FORMATION 
Mineral percentages are calculated on 300 counts per thin 
section. (Type) refers to whether the sample is a (C) concretion, 
or (a) surrounding sediment. Under the heading, formation, the 
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I 5 C H 4.8 4.2 2. 1 3.2 21.2 3.2 58.7 1.1 .5 .5 0.0 0.0 37.0 
I 5 a H 19.0 4.5 5.2 10.0 47. 1 5.5 2.1 2.1 1.0 1.0 o.o 3.7 0.0 15 C H 36.5 3.0 2.0 13.9 23.6 8.1 2.4 6.1 2.0 1.3 o.o o.o 1.3 
I 15 a H 35.8 6. 1 2.5 11.8 27.2 7.9 o.o 5.4 1.1 1.8 o. 7 6.0 0.3 
I 23 C H 19.3 1 .3 2.7 9.7 53.0 8.7 0.0 4.0 0.3 1.0 0.0 0.0 0.0 23 a H 14.4 6.4 12.4 11.6 41.2 6.0 5.6 1.2 0.4 0.8 14.7 2.0 0.0 
! 
l 25 C H 24.3. 0.7 1.7 15.0 38.0 9.0 6.3 4.3 0.0 o.o o.o 0.0 0.0 
11 25 a H 19.4 1.2 2.3 8.9 38.9 8.9 15.6 2.7 0.4 0.4 11.7 2.7 o.o 
' 
26 C H 12.0 1.7 2.3 8.3 59.7 7.7 2.0 4.7 0.3 1.0 0.0 0.0 0.0 
·1 
26 a H 10.9 2.9 8.4 8.0 41.8 7.3 17.4 0.7 0.4 2.2 3.7 4.7 0.0 
33 C H 7.7 15.0 3.3 14.0 38.3 5.3 10.3 5.7 0.3 0.0 0.0 0.0 o.o 
33 a H 3. 1 17.5 1.0 6.2 33.0 2. 1 33.0 1.0 0.0 2.1 67.7 0.0 o.o 
38 C H 35.3 2.7 6. 7 10.0 28.0 10.3 0.6 5.3 1.0 0.0 0.0 0.0 o.o 
38 a H 17.7 21.4 0.7 14.8 33 .6 4.8 2.9 2.6 0.4 1.1 6.7 3.0 0.0 
41 C H 23.3 4.7 2.3 12.0 41. 7 7.3 1.0 5. 7 1.0 o.o 0.0 0.0 0.0 
I 41 a H 11 . 1 26.0 1.4 11.1 38.9 5.9 1.42.10.30.7 o.o 3.3 0.7 
I 46 C H 5.7 6.7 1.0 15.0 19. 0 3.0 44.7 3.3 0.3 0.3 0.0 0.0 o.o 46 a H 7.4 7.7 2.2 10.7 27. 7 4. 1 36.5 2.6 0.4 0.7 6.3 3.3 o.o 
l 
0.0 0.0 ,. 47 C H 8.7 9.3 1.3 7.3 14.0 0.7 55. 0 1 • 7 0. 3 1. 7 o.o }1 
ii 47 a H 3.6 18.0 4.4 12.4 28.8 5.2 24.0 1.6 0.4 0.8 14.0 2.7 o.o ;,; 
'{ 
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48 C H 21.3 1. 7 1.3 9.3 33. 7 9.3 13.0 7.3 1.3 1.7 0.0 0.0 0.0 
48 a H 9.2 6.8 1 .2 12.7 35 .1 6.4 21.5 3.6 0.8 2.4 12.7 3.3 0.3 
49 C H 14.0 3.0 1.3 12. 7 37.7 16.7 5.3 6.7 0.7 2.0 o.o 0.0 0.0 
49 a H 8.4 7.6 1 .5 13.7 38.9 8.0 13.4 5.0 1.1 1.9 6.3 6.3 0.0 
50 C H 12. 7 4.0 3.011.3 40.0 11.3 5.39.31.71.3 0.0 o.o 0.0 
50 a H 5.9 12. 1 1.7 8.7 27.0 4.8 33.6 5.2 0.3 0.7 o.o 3.7 0.0 
53 C H 6.3 6.3 0.0 3.7 20.5 4.5 56.7 0.7 0.7 0.4 0.0 o.o 10.7 
53 a H 27.4 4. 1 3.0 7.8 37.0 10.0 1. 1 5.6 2.2 1. 1 6.0 4.0 0.0 
54 C H 28.7 1.3 1.7 11.3 32.0 12.0 5.7 4.0 2.3 1.0 o.o 0.0 0.0 
54 a H 17. 3 5.2 2.4 9.0 32.5 8.0 15.6 6.6 0.7 1.7 0.0 3.3 0.3 
56 C H 18. 7 2.0 2.0 17.0 23.0 9.3 21.3 4.7 0.3 1.7 0.0 0.0 0.0 
56 a H 10. 7 7.3 1.1 8.8 25.0 4.4 36.8 4.4 0.4 0.7 6.7 2.3 0.3 
60 C H 14.2 3.7 1.7 16.1 49.0 6.4 0.7 5.4 1.0 0.7 0.0 0.0 1 • 3 
60 a H 13.6 3.8 0.8 7.6 50.0 7.6 3.0 5.3 1.5 3.0 54.0 2.0 0.0 
65 C H 17 .2 5.7 2.4 14.5 37.8 8.4 0.010.1 0.7 1. 7 0.0 0.0 1.3 
65 a H 7.8 8.2 1.9 7.8 58.8 5.8 2.9 4.4 0.0 1.9 29.0 2.3 0.0 
71 C H 14.5 6.4 2.4 12.1 45. 1 8.7 1.3 6.1 1.0 1.0 0.0 0.0 1.0 
71 a H 17.7 11.8 2.8 11.8 37. 1 3.8 7.3 4.5 0.7 1.7 0.0 3.0 1.0 
73 C H 21.7 2.7 2.3 14.0 36. 1 11.4 3.0 3.7 1.0 2.3 o.o 0.3 0.0 
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77 C H 22.8 6.4 2.9 9.9 24. 0 11 . l 9.4 6.4 4.1 2.3 0.0 o.o 43.0 
77 a H 10.0 8.0 0.0 6.0 39.5 5.0 28.5 2.0 0.5 0.5 31.1 2.0 0.0 
78 C H 26.7 l .0 1.7 9.0 34.7 13.3 5.0 5.3 1.7 1.0 o.o o.o 0.0 
78 a H 28.0 2.7 1. 7 5.8 32. l 7.2 16.4 3.4 0.7 1.7 0.0 2.3 0.0 
81 C L 28.0 2.3 1. 7 8.0 25.3 23.3 0.0 6.7 1.3 1.7 0.0 0.0 o.o 
81 a L 26.5 8.0 2.8 9.4 25.3 18.8 1.4 4.9 2.1 1.4 0.0 4.3 o.o 
82 C L 33.4 1. 7 1.0 7.7 30. 1 18. 1 0.7 3.7 1.0 2.0 0.3 0.0 o.o 
82 a L 31.2 3. 1 0.7 8.6 33.2 18.1 1.0 1.7 2.0 0.3 1.0 1. 7 0.0 
84 C L 19. 3 1.7 1.0 3.0 18.3 6.7 42.7 3.7 2.0 1.7 o.o 0.0 0.0 
84 a L 29.3 4.9 0.3 5.6 37.7 8.0 9.1 2.4 2.1 0.3 0.7 3.7 0.0 
86 C L 33.7 3.7 1.3 7.0 24.0 17.7 5.0 4.3 2.3 1.0 o.o 0.0 o.o 
86 a L 35.8 3.0 1. 7 5.7 25.311.1 9.5 4.7 2.7 0.0 0.0 1.3 o.o 
87 C L 25.0 4.3 2.7 9.3 33. 7 11 . 3 1.7 5.3 1.7 3.0 0.0 0.0 0.0 
87 a L 42.8 8.2 0.5 8.6 25.0 6.3 2.4 1.4 1.9 1.9 29.0 1.3 0.3 
90 C L 18. 7 5.0 1.713.7 30.4 7.7 14.4 5.0 1.3 1.7 0.0 0.3 0.0 
90 a L 15.6 14.5 2. l 8.5 33.3 9.2 9.9 3.2 0.7 2.5 2.3 3.3 0.3 
100 C L 24.1 2.2 2.211.7 34.3 16.1 0.0 7.31.5 0.8 0.0 3.0 0.0 
100 a L 29.6 1.0 l.4 6.5 34.0 19.2 1.4 2. 7 2.4 1.0 0.0 3.0 o.o 
101 C L 14. 3 4.0 2.7 14.3 46.7 10.3 0.0 5.3 0.7 1.0 0.0 0.0 0.0 
101 a L 12.5 13.5 2.1 10.4 46.5 7.3 1.4 4.2 0.7 1.4 0.0 4.0 0.0 
109 C L 3.3 2.7 0.3 2.7 15 .3 1.3 72.3 1.7 o.o 0.0 o.o 0.0 0.0 
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119 C L 27.3 2.0 1.0 10.7 36.7 15.0 0.0 5.0 1.7 0.7 0.0 0.0 0.0 
119 a L 17.9 1.8 1.8 9 .1 43.4 16.4 2.2 3.6 1.1 1.5 3.7 4.3 0.7 
120 C L 19.4 2.7 4.311.4 46.5 9.4 0.0 2.0 1.3 3.0 o.o o.o 0.0 
120 a L l O. 4 8.9 1. 1 8.2 39.0 6.3 19.73.0l.1 1.5 7.0 3.3 0.0 
123 C L 16. 3 6.7 3.0 12.3 46.3 8.3 0.3 4.0 1.0 1.7 0.0 0.0 0.0 
123 a L 10.9 10.3 1.2 7.9 36.4 4.8 24.8 1.2 0.0 1.2 44.0 1.0 0.0 
130 C L 23.7 3.7 1.7 11.7 38.7 11.3 2.0 2.7 1.0 3.3 0.0 0.0 0.0 
130 a L 12 .2 5.5 0.7 9.3 38.5 8. 1 21.51.9 0.41.1 5.7 4.3 0.0 
141 C L 20.7 1.0 2.0 12.4 39. 8 17. 7 0.0 3.7 0.7 2.0 0.3 0.0 0.0 
141 a L 20.5 2. 1 l.7 9.4 44.8 13.2 0.3 6.3 0.3 1.4 0.0 4.0 0.0 
149 C L 12.2 10.8 4. 1 21.6 29.1 10.8 2.0 6.8 0.0 2.0 0.0 o.o 50.7 
149 a L 31 .6 1.4 1.4 7.9 30.6 19.9 2.1 3.1 1.4 0.3 0.0 3.0 0.0 
152 C L 19 .0 1.3 1. 7 9.0 48.3 15.0 0.0 4.3 0.3 0.3 0.0 0.0 0.0 
152 a L 21. 5 3.5 1. 1 9.2 41.5 0.4 0.4 6.0 0.4 1.8 o.o 5.7 0.0 
157 C L 19.3 21.3 2.3 15.0 27.0 9.7 2.3 1.7 0.0 1.0 0.0 o.o 0.0 
157 a L 7.2 40.7 0.7 6.9 19. 7 2.4 19.7 1.0 1.0 0.3 1.3 1.7 0.3 
158 C L 25,4 4.0 2.0 13.0 36.4 13.0 0.0 4.7 1.0 0.0 o.o o.o 0.3 
158 a L 35.4 2.0 0.7 5.6 29.2 19.4 0.7 3.5 2.1 0.7 0.3 3.7 0.0 
····--
APPENDIX D 
POINT COUNTS OF 9 THIN SECTIONS STUDIED USING THE SEM/MICROPROBE 
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TABLE 14 
1111 concretion Hell Creek Fonnation 
ilmenite 34 tourmaline a 
rutile 21 andalusite 2 
epidote 2 zircon 4 
garnet 4 spinel 5 
composite 11 pyrite l 
Ill sediment Hell Creek Formation 
ilmenite 31 garnet 5 
biotite 7 composite 14 
tourma 1 i ne 10 zircon l 
ruti le 24 quartz 7 
epidote 3 Kspar l 
#13 sediment Hell Creek Formation 
ilmenite 13 composite 1 
bioti te 6 sphene 5 
tourmaline 4 zircon l 
rutile 3 quartz 2 
epidote 10 apatite 1 
garnet 12 pyrite 2 
iron 2 Kspar l 
#62 concretion Hell Creek Formation 
ilmenite 6 iron 5 
biotite 5 composite 7 
tourma 1 i ne 5 sphene 10 
rutil e 10 quartz 7 
epidote 37 spinel l 
garnet 14 Kspar l 
#62 sediment Hell Creek Formation 
ilmenite 6 composite 8 
biotite 6 sphene 4 
tourmaline 4 zircon 1 
ruti 1 e 6 quartz 5 
epidote 20 apatite 13 
garnet 7 spinel 3 
iron 19 
100 
/197 sediment Ludlow Fonnation 
ilmenite 19 zircon l 
biotite l quartz 2 
tourmaline 3 spinel l 
rutile 4 Kspar 2 
epidote 23 dolomite 13 
garnet 13 apatite 9 
composite 4 andalusite l 
sphene 9 monazite l 
#98 concretion Ludlow Formation 
ilmenite 10 sphene 5 
biotite 1 quartz 5 
tourmaline 4 monazite 1 
rutile 6 barite 34 
epidote 17 andalusite 2 
garnet 10 pyrite 1 
composite 5 
#139 concretion Ludlow Formation 
ilmenite 3 composite 5 
biotite 1 sphene 5 
tourmaline 4 quartz 8 
rutile. 2 Kspar l 
epidote 15 barite 57 
garnet 3 iron 1 
#156 concretion Ludlow Formation 
tourma 1 i ne 3 sphene l 
rutile l quartz 8 
epidote 7 Kspar l 
garnet 2 barite 73 
composite 3 
APPENDIX E 
HELL CREEK AND LUDLOW SAMPLES 
Sand fraction weight, percentage of 63-125 micron sand in 
total sand·, heavy mineral weights, and percentage of heavy min-
erals extracted from 15 gm of 63-125 micron sand. 
102 
TABLE 15. 
Cretaceous Hell Creek Fonnation Samples 
# 63-125 micron % 63-125 mic heavy % heavy 
sand fraction sand in total mineral minerals 
weight sand weights in 15 gm. 
5 22.27 gm 9.93 .5612 gm 3. 74 
SA 22.08 gm 18.54 .2554 gm l.70 
11 24.43 gm 11.15 .0783 gm .52 
llA 29.67 gm 25.07 .0319 gm .21 
13A 23.34 gm 19 .63 .l513gm 1.01 
15 23.01 gm 10.47 .1310 gm .87 
15A 21.33 gm 17.95 .1593 gm 1.06 
23 47.35 gm 21. 51 .2296 gm 1.53 
23A 46.02 gm 37.82 .2680 gm l.79 
25 36.34 gm 16.49 .2155 gm 1.44 
25A 28.25 gm 23.25 .2272 gm 1.51 
26 41.72 gm 18.95 .1838 gm 1.23 
26A 48.00 gm 39.60 .3072 gm 2.05 
33 33.91 gm 15.23 .0768 gm .51 
33A 31.01 gm 25.78 .6087 gm 4.06 
38 25.44 gm 11. 36 .1181 gm .79 
38A 26.00 gm 21 .20 .1351 gm .90 
41 43.63 gm 19.83 .0721 gm .48 
41A 24.81 gm 19.84 .1588 gm l.06 
46 56.30 gm 25. 51 .0550 gm .37 
46A 58.10 gm 46.42 .0803 gm .54 
47 40.28 gm 18.26 .0832 gm .56 
47A 27.83 gm 22.24 .0731 gm .49 
48 27.96 gm 12.66 .1963 gm 1.31 
48A 38. 53 gm 30.77 . 2533 gm l.69 
49 48.15 gm 21.83 .l647gm 1.10 
49A 58.53 gm 46. 72 .1356 gm .90 
50 53.83 gm 22.34 .0644 gm .43 
50A 66.50 gm 43.84 .0974 gm .65 
53 31.65 gm 13. 13 .1853 gm 1.24 
53A 28.76 gm 18. 91 .2957 gm 1.97 
54 30.97 gm 14.29 .1344 gm .69 
54A 41.94 gm 27.95 .1344gm .90 
56 30.98 gm 13. 75 .1192 gm .BO 
56A 36.87 gm 24.52 .l859gm 1.24 
60 67.76 gm 28.23 .0779 gm .52 
60A 67.13 gm 46.19 .3709 gm 2.47 
62 45.77 gm 19.20 .0496 gm .33 
62A 71 .75 gm 49.47 .1254 gm .84 
d 
If 63-125 micron % 63-125 mic heavy % heavy 
sand fraction sand in total mineral minerals 
weight sand weights in 15 gm. 
65 64.66 gm 26..81 .0945 gm .63 
65A 65.83 gm 45.39 .1611 gm 1.07 
71 51.13 gm 21. 17 .0902 gm .60 
71A 59.88 gm 40.13 .2400 gm 1.6 
73 22.91 gm 9.52 .1026gm .68 
73A 28.55 gm 19.68 .2708 gm 1.81 
77 28.43 gm 11. 75 .4178 gm 2.79 
77A 31.65 gm 21 .23 .4716 gm 3. 14 
78 20.65 gm 8.55 .1138 gm .76 




Paleocene Ludlow Fonnation 
fJ 63-125 micron % 63-125 mic heavy % heavy 
sand fraction sand in total mineral minerals 
weight sand weights in 15 gm. 
81 24.34 gm 10.04 .0823 gm .55 
81A 36.98 gm 25.33 .1149 gm . 77 
82 22.90 gm 9.52 .2166 gm 1.44 
82A 34.85 gm 24.00 .3127 gm 2.08 
84 15.96 gm 6.57 .5837 gm 3.89 
84A 23.57 gm 16.24 .3076 gm 2.05 
86 15.69 gm 6.49 .1233 gm .82 
86A 17.12 gm 11 . 79 . 2771 gm 1.85 
87 16.75 gm 6.93 .1728 gm 1.15 
87A 23.40 gm 16.05 .7956 gm 5.30 
90 15.21 gm 6.89 .0611 gm .41 
90A 21.28 gm 17.63 . 1466 gm . 98 
97 24.97 gm 11.20 .1533 gm 1.02 
97A 32.79 gm 27. 12 .3134 gm 2.09 
98 26.66 gm 12.06 .1637 gm 1.09 
98A 44.76 gm 37.13 • 1170 gm .78 
100 22. 15 gm 10.29 .8314 gm 5.54 
lOOA 18.52 gm 15.43 .3876 gm 2.58 
l 01 23.33 gm 10.85 .1464 · gm . 98 
101A 41.53 gm 34.57 .2673 gm 1. 78 
109 24.91 gm 11. 57 .6239 gm 4. 16 
109A 10.31 gm 16.87 .3656 gm 2.44 
llO 27.25 gm 12. 28 .0633 gm .24 
l lOA 15.58 gm 13. 14 .1631 gm 1.09 
116 16.11 gm 7.25 .4581 gm 3.05 
116A 25.62 gm 21 .61 .0916 gm • 61 
119 17.26 gm 7.79 .1764 gm 1.18 
119A 21.97 gm 18.55 .315 gm 2.34 
120 30.76 gm 12.72 .1726 gm 1.15 
120A 34.32 gm 22.49 .2076 gm 1.38 
123 17.20 gm 8.41 .0860 gm .57 
123A 25.92 gm 17. 73 .5451 gm 3.63 
130 18.36 gm 8.95 .0864 gm .58 
130A 33.93 gm 22.34 .1836 gm 1.22 
139 16.94 gm 8.05 .3355 gm 2.24 
139A 50.02 gm 33.24 .1182 gm • 79 
140 16.65 gm 7.60 .2258 gm 1 • 51 
140A 37. l O gm 31 • 11 .1004 gm .67 
141 24.17 gm 11.00 .1581 gm 1.05 
141A 32.25 gm 27.07 .1379 gm .92 
63-125 micron % 63-125 mic heavy % heavy 
sand fraction sand in total mineral minerals 
weight sand weights in 15 gm. 
149 15.17 gm 6.92 .1014gm .68 
149A 17.07 gm 14.03 .7611 gm 5.07 
152 22.36 gm 10. 16 .2707 gm 1.81 
152A 35.18 gm 28.11 .4045 gm 2.70 
156 31.46 gm 14. 26 .3454 gm 2.30 
156A 49.30 gm 39.34 .1078 gm • 72 
157 21 .95 gm 9.96 .0321 gm . 21 
157A 27.47 gm 21 .90 .0921 gm .61 
158 22. 11 gm l 0.03 .0406 gm .27 
158A 28.68 gm 22.92 .5321 gm 3.55 
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